Point-defects in wide bandgap semiconductors are promising candidates for future applications that necessitate quantum light sources. Recently, defectbased single photon sources have been observed in ZnO that are very bright and remain photoactive from 4.5 K to room temperature. Despite several investigations, the structure and electronic states of these emitters remain unknown. In this work, we establish a procedure to distinguish a Z dipole from an XY dipole when studying quantum emitters that are randomly oriented. Our cryogenic and room temperature polarization measurements collectively establish that these unidentified ZnO quantum emitters have a Z dipole. We show that the associated absorption and emission dipoles are parallel within experimental uncertainty for all 32 individuals studied. Additionally, we apply group theory and find that assuming the defect symmetry belongs to a pointgroup relevant to the ZnO wurtzite lattice, the ground and excited states are orbital singlets. These results are a significant step in identifying the structure and electronic states of defect-based single photon sources in ZnO. Furthermore, the quantum emission from ZnO point-defects can be very bright (>100 kPhotons/s) with high polarization visibility, 18 which is advantageous for applications requiring high bandwidth and/or polarized single photons on demand.
Point-defects in semiconductors have been identified as single photon sources (SPSs) with prospective applications in precision sensing and quantum communication. [1] [2] [3] [4] [5] While isolated defects in diamond including the nitrogenvacancy (NV) center and the silicon-vacancy center have garnered the most attention, [5] [6] [7] [8] [9] [10] [11] recent efforts to find viable defect-based SPSs in conventional semiconductors 1 have uncovered promising candidates in SiC [12] [13] [14] [15] and ZnO. [16] [17] [18] [19] [20] Unlike diamond and SiC, ZnO has the advantage of a direct bandgap, thus offering the possibility of incorporating point-defects with optoelectronic devices.
Additionally, piezoelectricity in ZnO introduces the prospect of directly utilizing lattice strain to control single defects. 21, 22 These enticing bulk properties of ZnO are complemented by a wealth of established growth methods that would facilitate fabrication of photonic devices that exploit single-defect properties. [23] [24] [25] [26] [27] [28] [29] Furthermore, the quantum emission from ZnO point-defects can be very bright (>100 kPhotons/s) with high polarization visibility, 18 which is advantageous for applications requiring high bandwidth and/or polarized single photons on demand.
Despite these attractive properties, the progress in realizing quantum photonic devices based on this platform is hampered by the absence of a detailed understanding of the defect's structure and electronic states. In our previous study, we found significant defect-to-defect variability in the excited state lifetime (1 − 13 ), emission spectrum, fluorescence intensity, and photodynamics, 17 which makes identification of the defect a challenge.
Moreover, despite a wealth of prior research into ZnO defect fluorescence, [29] [30] [31] [32] there is yet no correspondence between the experimental observations of quantum emitters in ZnO and the theoretically predicted behavior of candidate defect structures. Establishing the identity of ZnO quantum emitters could enable creation of high-quality SPSs in a readily engineered material and provide the framework required to address the previously observed variability. A key step is to perform experiments that shed light on the properties of the defect's electronic ground and excited state.
In this work we establish a procedure for distinguishing a "Z dipole" from an "XY dipole" in isolated quantum emitters that have unknown orientation because they reside in unordered nanostructures. Then, in concert with group theoretic considerations, we determine which electronic states could be responsible for our experimental observations. Our approach involves measuring polarization properties of absorption and emission from many isolated defects with different orientations and comparing the results with the expectations for each dipole type. Our cryogenic and room temperature measurements reveal that, unlike the NV center in diamond, [33] [34] [35] [36] the ZnO defects we study have a Z dipole as opposed to an XY dipole. Across the 32 defects investigated, we find that the associated absorption and emission dipoles are parallel within experimental uncertainty. The identification of a Z dipole is interpreted in the context of point-group theory, enabling us to infer the allowed properties of the defect's ground and excited state wavefunctions for several symmetries common to the ZnO wurtzite lattice. These results constitute a significant step towards identifying the structure and electronic states of SPSs in the angle between the polarizer and the emission dipole ! . 37 Here we define the axis as the axis of the objective and, for a particular defect, the axis as being perpendicular to and (see Figure 1) . If the emission and absorption dipoles are parallel, then in spherical coordinates, with polar angle and azimuthal angle , we have ! = ! = = sin + cos . The fluorescence ! detected when the exciting light is polarized at !"# and the collection polarizer is positioned at !"## is then proportional to
Eq 1 assumes that both the collected and exciting light propagate in the z direction and thus ignores the effect of the high NA objective, which we account for below.
For transitions the absorption probability is proportional to sin We also rotate HWP1 and HWP2 simultaneously such that the effective polarization of the exciting light and the light collected at APD2 are parallel ( Figure 2c ) or perpendicular ( Figure 2d ). All polarization plots can be fit using eq 1 for a Z dipole, or the XY analog, with a constant background added. However, the background value that yields the best-fit substantially exceeds the background fluorescence measured experimentally. The discrepancy in the background level predicted using eq 1 and that measured experimentally is explained by the loss of polarization visibility when imaging with a high NA objective. This is seen by inspecting eq 1, which indicates that ! = 0 whenever !"# or !"## is 0°. We detect non-negligible fluorescence at !"# = 0° in Figure   2a and at !"## = 0° in Figure 2b . These photons that are not predicted by eq 1 come from two sources: unpolarized background fluorescence and polarized defect fluorescence whose polarization is obfuscated by the high NA objective. 40 Following the method proposed by Fourkas, 40 we developed an analytical model for Z and XY dipoles that accounts for our high NA objective. We simultaneously fit all plots in Here we explain why the plots in Figure 2 , that are representative of all investigated defects, support a Z dipole. Because single photon counting experiments are shot noise limited, dim emitters can be difficult to identify over the background fluorescence. Therefore, the defect orientations that produce the greatest photon yield are precisely those that are most likely to be identified for study. Figure 3 displays what our Z and XY dipole models predict for the perpendicular measurement of Figure 2d for defect orientations , = 0°, 0°, 30°, 0°, 60°, 0°, and 90°, 0°. Each curve assumes the same intrinsic oscillator strength and is therefore proportional to the fluorescence we should observe experimentally. In Figure 3a , which corresponds to a Z dipole, the curves for 60°≤ ≤ 90° best resemble the representative plot of Figure 2d . This range of also corresponds to the brightest defect orientations and is therefore the most likely set of orientations to identify experimentally. In Figure 3b , which corresponds to an XY dipole, the plots for 60°≤ ≤ 90° are also the most similar to the experimental plot of Figure 2d . However, for an XY dipole, this range of corresponds to the dimmest defect orientations and is therefore the least likely set of orientations to be encountered experimentally. Thus in our Z (XY) dipole model, only the defects we are most (least) likely to encounter experimentally match our observations. Analogous -dependent plots for the remaining measurements of Figures 2a, b , and c similarly support a Z dipole over an XY dipole.
As a final verification that we study a Z dipole, we examine the distribution of polarization visibilities. The visibility is defined as Typically the associated absorption and emission dipoles for point-defects are nearly parallel. 8, 39, 41, 42 An earlier report 18 found a large (~80°) offset between the absorption and emission maxima of a quantum emitter in ZnO. Figure 4c shows our distribution of misalignment between the absorption and emission maxima for all defects investigated. The distribution is concentrated near 0° and the average misalignment is 3.2°. We interpret this small misalignment as a systematic error in the average polarization of the collection path that results from variations in path retardance for collected photons whose wavelength differs from our 630 nm calibration wavelength. Consequently we find that the absorption and emission dipoles are parallel within experimental uncertainty.
Once a defect's dipole type (Z or XY) is known, group theoretic considerations can shed light on the ground and excited state wavefunction properties. 43 Every point-defect belongs to a point-group containing the symmetry operations that leave its Hamiltonian invariant. For the ZnO wurtzite lattice, the available defect symmetry operations are the identity ( ), a 120° rotation about the c-axis ( ! ), and a reflection about a vertical plane ( ! ). These operations yield three nontrivial point-groups: = ! , ! , , = ! , , and = ! , . We note that our study does not rule out the unlikely possibility that the investigated defects belong to a point-group not listed in Table 1 . In such a scenario the defect would not stem solely from an impurity, vacancy, or a small combination of these. While a Z dipole is never of the ↔ variety, it can correspond to ↔ transitions in some high symmetry cases such as the tetragonal point-group !" . That said, these cases are unlikely to be relevant in the bulk or surface of ZnO and the most likely scenario is a transition between orbital singlets. Future measurements in single crystal ZnO can test these possibilities to aid in identifying the crystallographic direction of the defect's symmetry axis.
In conclusion, we investigated polarization properties of defect-based SPSs in ZnO to gain insight into their electronic states and their structural origin by discerning whether they possess a Z or XY dipole. Because particular orientations of an XY dipole resemble a Z dipole, and vice versa, experiments intended to identify a SPS's dipole type have previously been conducted in ordered crystals where the allowed orientations of the emitter are known.
8,41,44,45
Here we demonstrate that an alternative but definitive approach is to sample emitters that are randomly oriented and compare the distribution to the statistical expectation for each dipole type. Though we apply this approach to point-defects in randomly oriented nanoparticles, it could also be useful for establishing the and (b) are best-fits resulting from our Z (solid) and XY (dashed) dipole models. 
I. Sample Details
The samples consist of randomly oriented nanoparticle (NP) ZnO and 001 oriented sputtered ZnO films. The NPs were suspended in methanol prior to being drop-cast onto a thermally oxidized silicon substrate and are commercially available from Sigma-Aldrich as product number 677450. The sputtered films were also deposited on thermally oxidized silicon and the growth parameters have been described previously. 1 All samples were annealed in air at 500° for 30 minutes and then passivated with the e-beam resist hydrogen silsesquioxane (HSQ). The HSQ layer was motivated by a previous report 2 and phenomenologically serves to increase the photo-stability of SPSs. A control sample containing HSQ, but not ZnO, verified that the investigated SPSs originate from ZnO. All data was obtained for samples mounted in a Janis ST-500 cryostat capable of cooling to 4.5 K. We detect no variation in polarization properties from 4.5 K to room temperature.
II. Excitation using 473nm light
The absorption band of isolated defects is often broadened by phonon coupling. In addition to using 532 nm (green) light, we also investigated using 473 nm (blue) light for excitation. We detected no difference in defect polarization or emission properties when using blue light in lieu of green light.
We did, however, observe an increase in the background fluorescence when using blue light compared to green light. Lastly, the defect emission polarization (red circles) also presents a maximum at ~90° because the absorption and emission dipoles are parallel. 
III. Temperature Dependence
We measured the orientation of a single defect's absorption dipole at several temperatures between 10 and 90 K. Figure 4 shows the result of this experiment. No temperature dependence is evident, and the maximum variation is 1.7°, which is within our experimental uncertainty, suggesting the defect's dipole orientation remains stable as temperature is varied. 
IV. Point-group theory
If a defect's point-group is known then valuable information about its eigenstates and polarization selection rules may be extracted without computation. A thorough overview of group theory and its applicability to physics is available in Dresselhaus. 3 Here we quickly illustrate how we applied pointgroup theory to our findings by considering the point-group . The last column of Table 1 indicates how the linear operators x, y, and z transform. Thus for , the z operator transforms as the totally symmetric representation ! whereas x and y jointly transform as the two-dimensional representation. Note that, contrary to our coordinate system used previously, the z direction here is aligned parallel to the defect's symmetry axis rather than parallel the axis of the microscope objective. Table 2 is a direct product table for  and is useful 
Polarization
Allowed Transitions x ,y ! ⟷ , ! ⟷ , ⟷ z ! ⟷ ! , ! ⟷ ! , ⟷ Table 3 : List of transitions that are permitted by group theory for light polarized along the x, y, and z directions.
